Summary Changes in plant hormones and metabolites in long-shoot stems of interior Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco) during cone induction by gibberellic acid (GA) treatment were analyzed by high performance liquid chromatography-electrospray ionization tandem mass spectrometry in multiple reaction monitoring mode. A mixture of GA 4 and GA 7 , including small amounts of GA 3 and GA 1 , was stem-injected into each tree in amounts of 0, 4, 40 or 400 mg. One week after injection, concentrations of GA 4 , GA 7 and GA 3 were elevated in all GA-treated samples. The ratio of GA 4 to GA 7 decreased significantly at Week 3. Absolute concentrations of all gibberellins declined sharply at Week 3 after GA application. After 5 weeks, GA 1 and GA 4 were below detection limits in all samples, and GA 7 and GA 3 were found only in the samples from trees treated with 40 or 400 mg of GA. Endogenous indole-3-acetic acid (IAA) concentrations increased following GA injection, and peaked at Week 2 or Week 3 in the trees treated with 40 or 400 mg GA, respectively. Injection of 400 mg of GA brought about a twofold increase in IAA concentration compared with control values. Injection of 40 and 400 mg of GA caused significant increases in stem dry mass in Week 5. Seed orchard data revealed that injection of either 40 or 400 mg GA enhanced female cone formation, whereas male cone formation was enhanced only by 400 mg GA. Slight decreases in concentrations of abscisic acid (ABA) and isopentenyl adenosine were observed after GA application. No significant changes were detected in the concentrations of ABA metabolites except for a slight decrease in the concentration of 7′-hydroxy ABA. The concentration of ABA declined during the growing season and the concentration of ABA glucose ester increased correspondingly.
Introduction
Gibberellins were first used to induce cone formation in conifers in the families Cupressaceae and Taxodiaceae (Kato et al. 1958) . Since then, gibberellins have been shown effective in enhancing cone yields of mature trees as well as in inducing precocious flowering in juvenile trees of numerous coniferous species. The positive effect of exogenous GA application on cone induction has led to the development of hormone-based methods to increase seed production for reforestation.
Gibberellins are a group of plant hormones with a basic molecular structure of either 19 or 20 carbon units. They are derived from four isoprenoid units forming a diterpene structure with four rings. To date, more than 130 gibberellins have been discovered and they have a variety of biological effects. Studies on the effects of exogenously applied gibberellins on cone induction have been undertaken. The less polar gibberellins, such as GA 4 and GA 7 , are the most effective for cone induction in the Pinaceae (Pharis 1991) . A mixture of gibberellins, usually GA 4 and GA 7 , has commonly been used to induce cones. The gibberellins are applied alone or in combination with other plant growth regulators or stress-generating methods. A single injection of GA 4/7 combined with stem girdling increased floral induction by 1.9-to 5.6-fold in Douglas-fir (Ross and Bower 1991) . This technology has proven effective for a variety of species in the Pinaceae, including pines (Pinus spp.) (Wheeler et al. 1980 , Greenwood 1982 , Longman 1983 , Eriksson et al. 1998 , Pijut 2002 , Almqvist 2003 , spruces (Picea spp.) (Philipson 1985 , Longman et al. 1986 , Smith and Greenwood 1995 , Smith 1998 , Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) , Pharis 1991 , Ross and Bower 1991 , western larch (Larix occidentalis Nutt.) (Shearer et al. 1999 ) and western hemlock (Tsuga heterophylla (Raf.) Sarg.) (Ross 1989) .
Manipulation of sex expression in conifers is possible through application of different combinations of plant growth regulators, by altering treatment timing or by regulation of photoperiod (Ross and Pharis 1987) , or a combination of these methods. Development of such techniques for operational use, however, requires a better basic understanding of the endogenous regulatory mechanisms of plant growth regulators. In co-niferous species, endogenous gibberellins, such as GA 4 , GA 7 and GA 9 , have been identified in both vegetative tissue (Odén et al. 1987 , Moritz et al. 1990 , Doumas et al. 1992 , Wang et al. 1996 , Christmann and Doumas 1998 and reproductive tissues (Kapik et al. 1995 , Kong et al. 1997 ). The endogenous concentrations of gibberellins and other hormones, such as indole-3-acetic acid (IAA), are affected by exogenously supplied gibberellins (Wang et al. 1992) . In vivo changes in the ratio between different gibberellins following GA application may indicate differential absorption or turnover of gibberellins, or both (Wang et al. 1992 , Moritz et al. 1989 , 1990 .
Methods for the quantification of endogenous hormones and metabolites have ranged from enzyme-linked immunosorbent assays and radioimmunoassays to currently popular, more rigorous, and increasingly less expensive methods employing mass spectrometry (MS) (Odén et al. 1987 , 1994 , Wang et al. 1992 , 1996 , Zhang et al. 2001 , 2003 . Most recently, Chiwocha et al. (2003 Chiwocha et al. ( , 2005 applied multiple reaction monitoring to GA quantification using high performance liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS). With this method, the same sample can be analyzed for multiple plant hormones and their metabolites in one chromatographic run, along with deuterated standards for each compound analyzed. This method has been successfully used in conifers to study parasitism of conifer seed by insects (Chiwocha et al. 2007 ) and dormancy of white pine (Pinus monticola Dougl. ex D. Don) seed (Feurtado et al. , 2007 .
Our objective was to investigate changes in the concentrations of various hormones and their metabolites in long-shoot stems during cone induction by exogenously supplied gibberellins in interior Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco). Our long-term goal is to develop improved treatments for increasing induction of cones for reforestation efforts.
Materials and methods

Experimental plants
Ramets of Clone 8239 were selected for study from a seed orchard belonging to Pacific Regeneration Technologies, Inc., located in Armstrong, BC, Canada (50°26′30″ N, 119°11′00″ W). Clone 8239 has been characterized previously as a moderate female cone producer on the basis of cone production performance over a number of years. The ramets were 12 years old, with a mean stem diameter of 80 ± 16 mm. To avoid effects of sampling on cone production, ramets were divided into two groups that received the same experimental treatments: the first group was used for sampling and the second group for evaluating cone production. Assessment of cone yield was made in the spring of 2007, the year following GA treatment.
GA treatments
The mixture of gibberellins for our study was originally provided to Pacific Regeneration Technologies by the University of Calgary (Calgary, AB, Canada) and was the type of mixture used for cone induction in this and other British Columbia forest seed orchards. Our mass spectrometric analysis prior to carrying out our experiments showed that this GA formulation contained about 55% GA 4 , 33% GA 7 , 10% GA 3 and 2% GA 1 .
The GA mixture was dissolved in methanol at concentrations of 0, 4, 40 and 100 mg ml -1 . Each ramet was injected with 0, 4, 40 or 400 mg GA in 1 ml GA solution, with the exception of the 400 mg treatment, in which case 4 ml GA solution was injected. The GA solution was injected into holes that were 6 mm in diameter and about 40 mm in depth. The hole was drilled into the tree stem at an angle of 45°and sealed with wax after GA injection. All GA treatments were applied in the spring, before cone differentiation.
Sample collection, processing and storage
Collections of samples of developing long shoots that formed in the current growing season started 1 week before GA injection and continued at regular intervals of 1 or 2 weeks following GA injection. The long shoot consisted of a stem with buds and needles. Depending on its developmental state, the buds may be undifferentiated in the early season before GA application, or differentiated, i.e., either vegetative buds or cone buds, in the late season. Based on morphological characteristics, it is impossible to distinguish individual male or female buds, or vegetative buds until the late fall. Because a minimum of 50 mg dry mass of sample was required for processing, the number of samples removed from each tree at each time ranged from as few as five long shoots in the late growing season to as many as 20 long shoots in the early season. All needles were removed from the stems. Stems including all attached buds were then wrapped in aluminum foil before being frozen at -20°C in a freezer. Subsequently, the samples were lyophilized for at least 48 h. Lyophilized samples were sealed in plastic bags and stored at -20 °C.
Chemicals
Pure hormones, used to create calibration curves and quality controls (QC), were obtained as follows: dihydrophaseic acid (DPA), abscisic acid glucose ester (ABA-GE), phaseic acid (PA), 7′-hydroxy ABA (7′-OH ABA), neo-phaseic acid (neoPA) and indole-3-acetic acid glutamate (IAA-Glu) from the Plant Biotechnology Institute of the National Research Council of Canada (PBI-NRC, Saskatoon, SK, Canada); ABA, indole-3-acetic acid aspartate (IAA-Asp), IAA, zeatin (Z), zeatin riboside (ZR), isopentenyl adenosine (iPA) and isopentenyl adenine (2iP) from Sigma-Aldrich; dihydrozeatin (dhZ), dihydrozeatin riboside (dhZR) and zeatin-O-glucoside (Z-O-Glu) from Olchemim (Olomouc, Czech Republic); GA 1 , GA 3 , GA 4 and GA 7 from Prof. Lewis Mander (Australian National University, Canberra, Australia). Deuterated forms of the hormones, used as internal standards, were obtained as fol- 
Extraction and purification
Lyophilized samples were homogenized in a bead mill for 2 to 6 min, depending on the amount of sample material. A 100-µl aliquot of a solution containing all of the internal standards, each at a concentration of 0.2 pg µl -1 , was added to about 50 mg of homogenized stem tissue. Three ml of isopropanol:water:glacial acetic acid (80:19:1, v/v) was added, and the samples were agitated for 24 h at 4°C to facilitate extraction. Samples were centrifuged and the supernatant was isolated and dried in a Büchi Syncore Polyvap (Büchi, Switzerland). Samples were reconstituted in 100 µl of acidified methanol, adjusted to 1 ml with acidified water and extracted against 2 ml of hexane. Samples were left to settle for 30 min before the hexane layer was discarded. The hexane extraction was repeated a second time. The aqueous layer was again isolated and dried. Samples were reconstituted in 800 µl of acidified methanol and adjusted to 1 ml with acidified water. The reconstituted samples were passed through equilibrated Sep-Pak C18 cartridges (Waters, Mississauga, ON, Canada) and dried in a centrifugal evaporator. An internal standard blank was prepared using 100 µl of the mixture of deuterated internal standards, and a QC standard was prepared by adding 20 ng of each analyte to 100 µl of the internal standard. Finally, all samples, blanks and QC standards were reconstituted in 40% methanol (v/v) containing 0.5% acetic acid and 100 pg µl -1 of each of the recovery standards.
Quantification by HPLC-ESI-MS/MS
We quantified the hormones and metabolites, including auxins (IAA, IAA-Asp and IAA-Glu), ABA and metabolites (PA, DPA, 7′-OH ABA, neoPA and ABA-GE), gibberellins (GA 1 , GA 3 , GA 4 and GA 7 ) and cytokinins (2iP, iPA, Z, ZR, dhZ, dhZR and Z-O-Glu), by HPLC-ESI-MS/MS in multiple reaction monitoring (as described by Chiwocha et al. (2003 Chiwocha et al. ( , 2005 , with some modifications. Briefly, samples were injected onto a Genesis C18 HPLC column (100 × 2.1 mm, 4 µm; Chromatographic Specialties, Brockville, ON, Canada) and eluted with water containing an increasing percentage of acetonitrile plus 0.04% acetic acid. Calibration curves were generated from the multiple reaction monitoring signals obtained from standard solutions based on the ratio of the chromatographic peak area for each analyte to that of the corresponding internal standard, as described by Ross et al. (2004) . The QC standards, internal standard blanks and solvent blanks were analyzed with each batch of tissue samples.
Experimental design and statistical analysis
Ramets of Clone 8239 were divided randomly into two groups, which both received the same set of treatments. One group was used for hormone analysis, the other to evaluate the effects of various treatments on cone formation. In each group, three trees that received the same treatment were sampled at each time and analyzed as replicates. Data were subjected to one-way analysis of variance (ANOVA) and mean separation was analyzed by the Tukey test with the level of significance set to P < 0.05.
Results
Effects of GA injection on cone formation
A significant increase in female cone yield was obtained after stem injections of 40 and 400 mg GA per tree (Table 1 ). There was no significant effect of the 4 mg GA treatment on female cone yield. Male cone formation was significantly enhanced by stem injection of 400 mg GA (Table 1) , with the number of male cones increasing 2.6-fold. Male cone formation was not significantly affected by the 4 or 40 mg GA treatment.
Effect of GA injection on long shoot buds
An increase in dry mass accumulation in stems of long shoot buds was first observed at Week 3 following GA injection and continued to increase thereafter. At Week 5 after GA injection, dry mass of stems in the 40 and 400 mg GA treatments was about 1.8-fold higher than control values. Injection with 4 mg GA of had no effect on stem dry mass compared with control values even at Week 5 after the injection (Figure 1 ).
Gibberellins
All gibberellins, i.e., GA 1 , GA 3 , GA 4 and GA 7 , were unquantifiable in samples collected one week before GA injection (-1 week in Figures 2A-C) and remained as such in all control samples on all collection dates (data not shown). The limits of quantification for each GA were about 60 ng g DM -1 for GA 3 , and 120 ng g DM -1 for GA 1 , GA 4 and GA 7 . Concentrations of GA 3 , GA 4 and GA 7 increased sharply in the treated samples one week following GA injection (Figures 2A-C) . Gibberellin A 1 was detectable 2 weeks after injection of 400 mg gibberellins ( Figure 2C ). Concentrations of all gibberellins began to decline by Week 3 after GA injection (Figures 2A-C) . Concentrations of all gibberellins declined below the detection limits at Week 5 after injection of 4 mg GA (Figure 2A) , whereas low concentrations of GA 7 and GA 3 were detected in the samples treated with 40 or 400 mg GA ( Figures 2B and  2C) . In all of the GA treatments, the ratio of GA 4 to GA 7 declined continuously following GA injection (Figure 3) , including a 60% decrease between Week 2 and Week 3. Table 1 . Effects of gibberellic acid (GA) on male and female cone formation. Douglas-fir (Pseudotsuga menziesii) stems were injected with GA on May 24, 2006. Mean (± standard error) values of three independent replicates (n = 3) are shown. An asterisk (*) indicates a significant difference (P < 0.05) compared with the control (0 mg GA).
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Auxins
About 2 weeks after GA injection, the IAA concentration began to rise (Figures 4A-D) . Three weeks after GA injection, IAA concentrations were significantly higher in the 40 and 400 mg GA-treated samples than in the control samples (Figures 4C and 4D ). The increase in IAA concentration was proportional to the amount of injected GA. In the 40 and 400 mg GA treatments, IAA peaked at Week 2 and Week 3, respectively ( Figures 4C and 4D) . In both cases, a 1.4-fold increase above the control was observed. Both IAA-Asp and IAA-Glu were below detection limits in all samples.
Abscisic acid
Slight decreases in the concentrations of ABA ( Figures 5B  and 5D ) and 7′-OH ABA ( Figure 6C ) were observed in some GA-treated samples compared with control samples. Stem-injected gibberellins had no significant effects on the concentrations of ABA-GE, PA or DPA in stems ( Figures 6A-D) .
Concentrations of ABA were high initially and declined as the season advanced ( Figures 5A-D) . In contrast, ABA-GE concentration increased in inverse proportion to that of ABA.
Concentrations of ABA-GE exceeded ABA concentrations in all samples by Week 2 (Figures 5A-D) . Although PA was detected in all samples, it was generally present in low concentrations. Its metabolite, DPA, was detected in only a few samples ( Figures 6A-D) . NeoPA was not quantifiable in any sample.
Cytokinins
Concentrations of iPA decreased slightly in some GA-treated samples at Week 2 ( Figures 7C and 7D ). Concentrations of iPA were relatively high in the middle of May, one week before GA application ( Figures 7A-D) , and then declined steadily. We detected 2iP only in samples at Week 5, and it was not significantly affected by GA application. All zeatin-related cytokinins and metabolites, i.e., Z, ZR, Z-O-Glu, dhZ and dhZR, were unquantifiable. 
Discussion
Injection of a commercial GA mixture, mainly comprising GA 4 and GA 7 , affected male and female cone production. The effect of the GA treatment on internal plant hormone concentrations was plant growth regulator-class dependent. In our study, the ratio of GA 4 to GA 7 decreased for 2 weeks after GA injection. This phenomenon differs from a previous report of GA 4 :GA 7 increasing fivefold in Scots pine (Pinus sylvestris L.) following GA supplementation (Wang et al. 1992) . This difference between studies may be a result of different GA application methods: whereas we injected GA, Wang et al. (1992) applied GA as a soil drench, so that gibberellins were first absorbed through the root system, and then transported to the shoot system. Differential absorption by the root system could result in a higher GA 4 :GA 7 ratio in the shoot. When gibberellins are injected into the xylem, the ratio between gibberellins may be altered by differential GA translocation or metabolism, or both. Previous studies have shown that exogenously supplied GA 4 turns over rapidly in vivo (Dunberg et al. 1983 , Moritz et al. 1989 , 1990 . The observed decrease in the GA 4 :GA 7 ratio could also be the result of a higher rate of metabolism of GA 4 compared with GA 7 , because the increase in GA 7 concentration was not inversely proportional to the decrease in GA 4 concentration. Similarly, the increased ratio of GA 3 to other gibberellins (data not shown) could result from a higher stability of GA 3 in vivo. A higher stability may contribute to the better performance of GA 7 compared with GA 4 in cone induction (Greenwood 1982) , because the superior effectiveness in some plants or tissues of specific gibberellins depends on both GA stability and turnover (Tompsett 1977 , Pharis 1991 . Increases in GA concentrations in conifers after supplementation with exogenous gibberellins have been reported previously (Pilate et al. 1990 , Wang et al. 1992 . The gibberellins in our trees remained at high concentrations for a few weeks before they declined to the initial low values. The gibberellins appeared to influence stem mass because stem dry mass increased proportionally with the concentrations of gibberellins injected. Similar increases in bud dry mass and length (Webber et al. 1985 , Wang et al. 1992 ) have been observed following GA application, and were thought to be a consequence of increased endogenous IAA concentration (Wang et al. 1992) .
The major endogenous gibberellins in coniferous species are GA 4 , GA 7 and GA 9 (Doumas et al. 1992 , Wang et al. 1992 . These gibberellins increased in the terminal shoots of Scots pine seedlings after GA application. In coniferous plants, the major GA metabolic pathway is from GA 9 via GA 4 to GA 1 TREE PHYSIOLOGY ONLINE at http://heronpublishing.com (Wang et al. 1995 (Wang et al. , 1996 . However, the metabolic pathway for GA 3 remains unclear in conifers. A pathway of GA 4 via GA 7 to GA 3 exists in lower vascular plants, such as ferns, but has not been found in higher vascular plants (see review Wang et al. 1996) . We found that endogenous IAA concentrations increased at Week 2 following GA injection, whereas GA concentrations increased at Week 1 after injection, compared with control values. The delayed increase in IAA concentration indicates a possible response period required for the biosynthesis of this hormone. Auxins are sometimes used with gibberellins to enhance the effects of GA on cone induction , Wheeler et al. 1980 . In combined applications of GA and naphthalene acetic acid (NAA), a synthetic auxin, low concentrations of NAA favored female cone initiation whereas high concentrations stimulated male cone formation ). When applied alone, NAA enhanced male cone initiation (Ross 1990, Sheng and Wang 1990 ) and inhibited female cone formation (Ross 1990 ). In our study, the highest number of male flowers correlated with the highest IAA concentrations, and both of these results occurred in response to the 400 mg GA injection, supporting the view that auxin plays a stimulatory role in male cone formation.
Other hormone classes, such as cytokinins and ABA, were less affected by GA injection. Compared with the isopentenyl-type cytokinins, zeatin-type cytokinins were low in vegetative and reproductive buds of Douglas-fir, as has been reported by others (Morris et al. 1990 , Pilate et al. 1990 ). A small pool or rapid turnover of zeatin may be the reason why it was not detected in the shoot. High concentrations of 2iP were observed in buds after GA treatment (Pilate et al. 1990 ). Our observation that the two highest concentrations of GA applied significantly decreased iPA concentrations after 2 weeks supports the findings of a study by Smith and Greenwood (1995) showing that cytokinins applied with GA had inhibitory effects on both male and female flowering.
The ABA hormones were the most abundant endogenous hormones analyzed in the tissue. Concentrations of ABA remained unchanged at the same high values or declined slightly in tissues in some GA treatments, which contrasts with a previous study showing that the endogenous ABA concentration increased in response to GA application (Pilate et al. 1990 ). This difference may reflect different GA application methods, i.e., stem-injection versus perfusion. A moderate stress could be generated by the perfusion itself. In addition, NAA was applied in combination with gibberellins in the study by Pilate et al. (1990) . Our study is the first in which ABA metabolites have been analyzed directly in conifer buds. The principal pathway of ABA metabolism in this tissue is through glucose ester formation. It has been proposed that ABA-GE could be a storage form of ABA that is released in response to stress (Lee et al. 2006) . In conifer seeds ) and somatic embryos (Kong and von Aderkas 2007) , the predominant pathways of ABA metabolism are by oxidation to either 7′-OH ABA or PA and DPA. Analysis of the four hormone classes (GA, IAA, CK and ABA) from samples in one experiment permitted observation of the uptake and metabolism of applied gibberellins in conifer buds. Because the supplied GA compounds were unlabeled, supplied and endogenous gibberellins could not be distinguished. The concentrations of endogenous gibberellins in control plants were below the limits of quantification of our analytical method. However, the analysis revealed the effects of exogenous gibberellins on pools of endogenous IAA, cytokinins and ABA hormones. We obtained evidence that improved cone induction following stem injection of GA is mediated through effects on other hormones; however, this finding needs to be verified by additional experiments supplying auxin, additional GA compounds or ABA biosynthesis inhibitors.
